Both natural selection and nonequilibrium population-level processes can lead to a skew in the frequency distribution of polymorphisms. Population-level processes are expected to affect all loci in a roughly equal fashion, whereas selection will affect only some regions of the genome. We conducted a sliding-window analysis of the frequency distribution of microsatellite polymorphisms across the human genome to identify regions that may be under positive selection. The analysis was based on a published data set of 5,257 mapped microsatellites in individuals of European ancestry. Observed and expected numbers of alleles were compared under a stepwise mutation model (SMM) using analytical formulae. Observed and expected heterozygosities were compared under a SMM using coalescent simulations. The two sets of analyses gave similar results. Approximately one-fourth of all loci showed a significant deficit of heterozygosity, consistent with a recent population expansion. Forty-three windows were identified with extreme skews in the frequency distribution of polymorphisms (in the direction of a deficit of heterozygosity, given the number of alleles). If these extreme windows are tracking selection at linked sites, theory predicts that they should be more common in regions of the genome with less recombination. We tested this prediction by comparing recombination rates in these extreme windows and in other regions of the genome and found that extreme windows had a significantly lower recombination rate than the genomic average. The proportion of extreme windows was significantly higher on the X chromosome than on the autosomes. Moreover, all the windows with extreme skews on the X chromosome were found in two clusters near the centromere; both these clusters exhibit markedly reduced recombination rates. These analyses point to regions of the genome that may recently have been subject to positive selection. These results also suggest that the effects of positive selection may be more pronounced on the X chromosome than on the autosomes in humans.
Introduction
A fundamental goal of population genetics is to understand the frequency and strength of positive selection. At the molecular level, the detection of positive selection relies on theoretical predictions of patterns of variation under neutrality (Kreitman and Akashi 1995) . For example, assuming that mutations are neutral, the ratio of polymorphism to divergence should be the same for different genes (Hudson, Kreitman, and Aguade 1987) or for different categories of sites within the same gene (McDonald and Kreitman 1991) . Genes (or categories of sites) that harbor more or fewer polymorphisms than expected on the basis of their divergence levels represent candidates for positive selection. Some tests of neutral, equilibrium models focus on the frequency spectrum of polymorphisms (Watterson 1978; Tajima 1989; Fu and Li 1993; Fu 1997) . For instance, Ewens (1972) showed that under the infinite alleles model, the allelic configuration of a population at steady state is specified by the sample size and the observed number of alleles. This result motivates a test of neutrality in which homozygosity is predicted using the observed number of alleles (Watterson 1978) . This expected value of homozygosity is then compared with the observed value, and discrepancies indicate the potential action of positive selection. Because this test is based on an equilibrium model, deviations may also be caused by any departure from equilibrium, such as a population expansion or contraction.
In addition to leaving a signature on the target of selection, positive selection should affect patterns of linked neutral variation to an extent determined by the local recombination rate and the strength of selection (Maynard Smith and Haigh 1974) . Two modes of positive selection, directional and balancing, are expected to impact molecular diversity at linked regions in different ways. Positive directional selection can lead to an overall reduction of linked variation and an excess of alleles, given the observed heterozygosity (Maynard Smith and Haigh 1974; Watterson 1978; Kaplan, Hudson, and Langley 1989) . In contrast, balancing selection can lead to an elevation of linked polymorphism and a deficit of alleles, given the observed heterozygosity (Watterson 1978; Hudson, Kreitman, and Aguade 1987) .
The idea that selection can lead to a skew in the frequency distribution at linked loci suggests a way to identify individual genomic regions experiencing positive selection. With a set of loci throughout the genome mapped at sufficiently high density, clusters of loci exhibiting similar skews in the frequency distribution of alleles may pinpoint genomic regions that have recently experienced positive selection. In principle, such an approach could be used to identify regions with either an excess of rare alleles (indicative of directional selection) or an excess of intermediate frequency alleles (indicative of balancing selection). Because most human populations are not at equilibrium and have undergone recent expansions (e.g., Rogers and Harpending 1992) , localized skews in the frequency distribution for particular genomic regions must be interpreted against the background of the genomic average skew in the frequency distribution created by population-level processes.
In addition to localized skews in the frequency distribution, positive selection may cause different patterns of variability at X-linked and autosomal loci (Begun and Whitley 2000) . If adaptive mutations are recessive on an average, fixation rates are expected to be higher for the X chromosome relative to the autosomes because recessive X-linked mutations will be visible to selection at every generation in males (Charlesworth, Coyne, and Barton 1987) . In addition to having faster fixation rates, X-linked beneficial mutations may experience shorter transit times than their autosomal counterparts. Because X-linked mutations spend one-third of their time in a haploid state, their fitness variance is larger than that of autosomal mutations, making selection more effective and the increase in frequency more rapid for X-linked beneficial mutations (Avery 1984) . Thus, there are several reasons why beneficial mutations arising on the X chromosome may be affected more dramatically by selection than mutations arising on the autosomes (discussed in Begun and Whitley 2000) . However, if selection acts on standing variation that is in mutation-selection balance, fixation rates for X-linked mutations are not expected to be faster (Orr and Betancourt 2001) . Assuming similar recombinational environments for the X chromosome and the autosomes, the frequency distributions at neutral loci can be used to test the hypothesis that X-linked beneficial mutations experience faster fixation rates or shorter transit times (or both) than autosomal mutations. This hypothesis predicts that Xlinked loci may show a greater excess of rare alleles on average.
In this article, we use published polymorphism data from 5,257 genetically mapped microsatellites to search the human genome for evidence of positive selection in two ways. First, we use a sliding-window approach to look for genomic regions showing unusually high numbers of loci deviating from equilibrium. Second, we compare the frequency distributions of alleles at Xlinked and autosomal microsatellites.
Materials and Methods

The Frequency Distribution of Polymorphisms
The sample consisted of 56 autosomes and 108 X chromosomes from unrelated individuals of European descent, genotyped at 5,257 microsatellite loci (Dib et al. 1996) . All loci were dinucleotide (CA) n repeats. Allele size and frequency, heterozygosity, number of alleles, and genetic position were obtained for each locus from published data (Dib et al. 1996 ; ftp://ftp. genethon.fr/pub/Gmap/Nature_1995/data/). Variance in allele size was estimated as (Sokal and Rohlf 1995, p. 52) , where f i is the frequency of the ith allele, x i the number of repeats at the ith allele, x the average number of repeats weighted by frequency, and n the number of alleles.
We calculated the expected allele numbers and heterozygosities by assuming a stepwise mutation model (SMM; Ohta and Kimura 1973) . The SMM appears to be appropriate for many human dinucleotide repeat microsatellites (Valdes, Slatkin, and Friemer 1993; Weber and Wong 1993) . In the data used in this study (Dib et al. 1996) , about 90% of the observed mutations produced repeat changes of size one or two.
We investigated departures from the frequency distribution expected using the SMM in two ways. First, we used the formula of Ohta and Kimura (1973) to estimate the expected number of alleles, given the observed levels of heterozygosity, for each locus separately. Second, we used the coalescent method (and BOT-TLENECK v. 1.2.02 software) of Cornuet and Luikart (1996) . This approach simulates microsatellite evolution under a specified mutational model (in this case, 1,000 replicates per locus using the SMM), assuming a constant population size at mutation-drift equilibrium, and calculates the expected heterozygosity at a locus, given the observed number of alleles. By completing many replicate simulations, the difference between observed and expected heterozygosity can be assigned a probability. This approach is formally equivalent to Watterson's (1978) homozygosity test (in reverse). The critical value for the probabilities was set at 0.05.
Clustering of Nonequilibrium Loci
Positive selection may induce a nonrandom spatial distribution of loci with unusual frequency distributions. We tested this prediction in two ways. First, we conducted simple spatial autocorrelation analyses, asking whether the statistics of neighboring loci (i.e., lag of one locus) are more similar than those expected by chance. Autocorrelations were estimated separately for each chromosome and in analyses including all chromosomes. Autocorrelation tests were performed using the observed minus expected heterozygosity, as well as the number of alleles, heterozygosity, and variance in allele size.
Second, we identified genomic regions exhibiting clustering of significant loci. We defined a sliding window, 5 cM in size, beginning with each microsatellite. Huttley et al. (1999) demonstrated that linkage disequilibrium rarely extends beyond 5 cM for this data set; hence, this genetic distance provides a reasonable upper bound for selection effects mediated by linkage. Next, we counted the number of loci in each window showing significant differences between observed and expected heterozygosity using coalescent simulations (Cornuet and Luikart 1996) . We then used the genome-wide average proportion of significant loci (or the chromosomal average) to predict the proportion of significant markers that would be found in each window if significant loci were randomly distributed throughout the genome (or along an individual chromosome). The probability of the observed (or more extreme) proportion was estimated using the binomial distribution as 
where y is the average proportion of significant markers per 5 cM window, m the total number of markers in the window, and k the number of significant markers in the window. These calculations were performed separately for heterozygosity deficits (genome-wide y ϭ 0.275) and heterozygosity excesses (genome-wide y ϭ 0.009).
The computation of more than 5,000 binomial tests suggests that the statistical critical value should be reduced. We employed two independent corrections for multiple tests. First, we applied a Bonferroni correction (Sokal and Rohlf 1995, p. 240 ). This suggested a critical value of 9.5 ϫ 10 Ϫ6 ϭ (0.05/5,257). We also used the randomization procedure of Churchill and Doerge (1994) , which was designed to deal with a similar multiple test problem: the identification of regions of the genome related to quantitative trait variation (QTL mapping). Holding the number of loci per window and their genetic positions constant, the significance state (significant vs. not significant) was shuffled across loci throughout the genome. Binomial P-values for all resulting windows were calculated, and the minimum Pvalue in the genome was recorded. We repeated this procedure 10,000 times to generate a distribution of minimum P-values under the null hypothesis that significant loci are randomly distributed throughout the genome. Binomial probabilities observed for actual windows were then compared with this distribution. We conducted a comparable test using the chromosome as the level of the experiment (23 times). Here, the null distribution was formulated on the basis of 1,000 replicates, and a separate mean proportion of significant loci per window was used for each chromosome (rather than the genomewide mean).
This binomial test assumes that adjacent loci are independent under a neutral model. Because closely linked loci will have correlated histories, this assumption is not strictly correct. Therefore, this test may overestimate the significance of some genomic regions. However, autocorrelation analyses of the skew in the frequency distribution and of the measures of variation suggest little evidence for shared histories among neighboring loci overall (see Results).
The Frequency Distribution of Polymorphisms and Recombination Rate
Theory predicts that positive selection will affect nearby neutral polymorphism most strongly in regions of reduced recombination (Maynard Smith and Haigh 1974) . Therefore, we also assessed the relationship between measures of skew in the frequency distribution and local recombination rate. Recombination rates were estimated for a subset of the microsatellites considered in this article by comparing integrated genetic and physical maps of the human genome (Payseur and Nachman 2000) . We used Kendall's correlation tests to evaluate the association between measures of skew in the frequency distribution and recombination rate.
Comparisons Between the X Chromosome and the Autosomes
We compared the frequency distributions of the Xlinked and autosomal microsatellites using Mann-Whitney U-tests. Results from both Ohta and Kimura's (1973) formulae and from Cornuet and Luikart's (1996) method were analyzed in these tests.
Results
The Frequency Distribution of Polymorphisms
Statistics describing overall microsatellite variation and the skew in the frequency distribution are summarized in table 1. As previously reported (Dib et al. 1996) , the average number of alleles is 7.58 and the average heterozygosity is 69.83%. The mean variance in allele size (repeat number) is 13.85. Measures of skew in the frequency distribution suggest that, conditioned on the observed heterozygosity, across the genome there are more alleles observed than expected (table 1 and fig. 1 ). Similarly, coalescent simulations indicate that, conditioned on the observed allele number and sample size, more than one-fourth (1,447 of 5,257) of all loci exhibit a significant deficit of heterozygosity (P Ͻ 0.05), whereas only 48 loci show a significant excess of heterozygosity. Because this pattern is seen at so many loci, it is probably best explained by a recent population expansion (Kimmel et al. 1998; Torroni et al. 1998 ). a A total of 43 windows with binomial probabilities less than 0.01 were identified. Because some markers map to the same position, there are several extreme windows that contain slightly different sets of loci and still map to the same position. These largely overlapping windows are not shown; only the 34 windows that map to unique genetic positions are shown.
b Map position of the first locus in the 5 cM window. c Binomial probability of the observed ratio of significant loci to total loci, given the genome-wide average ratio.
Autocorrelations
The average distance between loci in this study is approximately 0.5 cM. In genome-wide analyses, microsatellite frequency distributions show very weak evidence of autocorrelation at this scale (observed minus expected heterozygosity: ϭ 0.02; P ϭ 0.02). The magnitude of this autocorrelation is very small, and its detection is likely a consequence of measuring associations using more than 5,000 loci. Consistent with this interpretation, only loci on chromosome 17 exhibit a significant degree of autocorrelation ( ϭ 0.13; P ϭ 0.009) in analyses of individual chromosomes. The observation that frequency spectra are not correlated with recombination rate overall (see subsequently) suggests that these weak autocorrelations are not driven by recurrent selective sweeps occurring in similar recombinational environments. Measures of microsatellite variation, including allele number, heterozygosity, and variance in allele size, are not autocorrelated (P Ͼ 0.05 in all tests), a result which also provides little evidence for shared histories, in general, among neighboring loci (although some linkage disequilibrium has been observed between microsatellites at this scale in humans; reviewed in Pritchard and Przeworski 2001) .
Sliding-Window Analysis
The sliding-window binomial probabilities for a deficit of heterozygosity are plotted against genetic map position for all the 23 chromosomes in figure 2. Several patterns emerge from this analysis. First, there is considerable variance in binomial P-values within individual chromosomes. Chromosomal regions with multiple adjacent windows containing low P-values may represent portions of the genome recently subject to positive directional selection. Second, the X chromosome, in general, harbors a greater proportion of windows with low P-values than do the autosomes. For example, 7.7% of all windows on the X chromosome are significant at the 0.01 level compared with 0.5% of the windows on the autosomes. Finally, when either a Bonferroni correction or the randomization method of Churchill and Doerge (1994) using genome-wide means is used to account for 5,257 tests, none of the individual sliding- window probabilities remain significant for either an excess or deficit of heterozygosity. When the randomization method of Churchill and Doerge (1994) is used with chromosome means, one window contains a significant deficit of heterozygosity, located at 100.4 cM on chromosome 17 (although the observation that chromosome 17 exhibits a significant degree of autocorrelation suggests caution in the interpretation that this window contains a target of selection). These corrections for multiple tests may be conservative and may overlook regions of biological importance, as discussed below. They also do not take into account adjacent clusters of windows with low P-values.
Individual sliding windows showing an excess or deficit of heterozygosity with probabilities below 0.01 are listed in table 2. These are the regions of the genome showing the most extreme skew in the frequency distribution. Each of these windows contains 13 markers, on an average, and 9-13 of the markers within each window show a significant skew in the frequency distribution. There is a highly significant nonrandom association between the proportions of these extreme windows and their location (X chromosome vs. autosomes; table 3, Fisher's Exact Test, P Ͻ 10 Ϫ10 ). Because some of these windows are overlapping, they do not constitute independent observations. We therefore analyzed the association in table 3 using: (1) only nonoverlapping windows, and (2) individual loci rather than windows of multiple loci. Both analyses give the same result as depicted in table 3 (Fisher's Exact Test, P Ͻ 0.01 for both).
Interestingly, the strong skew in the frequency distribution on the X chromosome is found in two distinct clusters near the centromere. The first cluster (spanning 82.6-92.4 cM) contains 12 windows, and the second cluster (spanning 95.1-101.1 cM) contains three windows. These clusters correspond to the regions of the X chromosome with the lowest recombination rates (Ͻ1.0 cM/Mb; Payseur and Nachman 2000) .
The hypothesis that genomic windows with the most severe skews in the frequency distribution represent candidate regions for positive directional selection also predicts that microsatellites in these windows will show reduced variation. The mean heterozygosity is reduced in these extreme windows relative to the genomewide average, and this effect is significant (Mann-Whitney U; P Ͻ 0.0003). However, extreme windows do not show reduced variance in allele size (P Ͼ 0.05) and do exhibit a higher mean number of alleles than other windows (P Ͻ 0.02). This discrepancy between different measures of variation may suggest that microsatellite heterozygosity is a more sensitive indicator of recent selective sweeps than allele number or variance in allele size. Although we cannot offer a simple demographic scenario that could produce this discordance, these results may also indicate that some of the identified windows are not tracking selective events.
Recombination Rates and the Frequency Spectrum
Previous work revealed no correlation between recombination rate and levels of microsatellite polymorphism in these data (Payseur and Nachman 2000) . We compared variation in the recombination rate with measures of the skew in the frequency distribution. Overall, recombination rate is not correlated with the difference between observed and expected heterozygosity (P Ͼ 0.05) or with the difference between observed and expected number of alleles (P Ͼ 0.05). However, there is evidence that windows with extreme skews toward a deficit of heterozygosity exhibit reduced recombination rates relative to the genome-wide average (table 4; extreme windows: average ϭ 0.8 cM/Mb; genome-wide: average ϭ 1.5 cM/Mb; Mann Whitney U, P Ͻ 0.05). This effect is most pronounced for windows on the X chromosome, where all the windows with extreme skews are found in regions with the lowest rates of recombination. This nonrandom association between skews in the frequency distribution and recombination rate on the X chromosome is highly significant (table 4, Fisher's Exact Test, P Ͻ 10 Ϫ10 ). An analysis of this pattern using only nonoverlapping windows or using individual loci gives the same result (Fisher's Exact Test, P Ͻ 0.05 for both).
Comparisons Between the X Chromosome and the Autosomes
We compared data for 209 X-linked microsatellites with those for 5,048 loci mapped to autosomes. The average difference between the observed and expected heterozygosity is Ϫ10.30 for X-linked loci and Ϫ7.17 for autosomal loci. This difference between the X chromosome and the autosomes is statistically significant (Mann-Whitney U-test, P Ͻ 10 Ϫ4 ). Using Ohta and Kimura's formula, the average difference between the observed and expected number of alleles is 1.00 for Xlinked loci and 0.25 for autosomal loci. This difference is also significant (Mann-Whitney U-test, P Ͻ 10 Ϫ4 ). Furthermore, there is weak evidence that X-linked loci are less variable than autosomal loci. Using the SMM, the observed heterozygosity (H) and variance in allele size (V) can be used to estimate the neutral parameter A for the autosomes as
where A ϭ 4N e , N e is the effective population size, and is the neutral mutation rate (Ohta and Kimura 1973; Moran 1975) . Under neutral, equilibrium conditions, assuming equal mutation rates on the X chromosome and the autosomes, a sex ratio of one, and equal variances in mating success between males and females, the X chromosome has three-fourths of the effective population size of the autosomes; therefore, the expected value of X / A is 0.75. Using observed heterozygosities to estimate this ratio leads to a value of 0.71. Using observed variances in allele size, the estimated ratio is 0.68. Although we cannot reject the hypothesis that these ratios are equivalent to 0.75, the observed variances in allele size suggest a weak reduction in the level of variation observed on the X chromosome relative to the autosomes, after accounting for differences in the effective population size. If the variance in male mating success exceeds that of females, the expected value of X / A would be greater than 0.75, suggesting that using a correction factor of 4 ⁄ 3 may be conservative relative to our interpretation.
Discussion
We searched the human genome for evidence of positive selection by looking for departures from the neutral, equilibrium frequency spectrum, and several clear patterns emerged. First, there appears to be an overall signature of population expansion on patterns of microsatellite polymorphism, as previously noted (e.g., Kimmel et al. 1998 ). Second, a sliding-window analysis identified 43 windows with extreme skews in the frequency distribution. Although the deviations in these windows are not individually significant after correcting for 5,257 tests, these windows represent candidate regions for positive selection. Third, the distribution of these extreme windows is highly nonrandom with respect to recombination rate. Extreme windows occur predominantly in regions of the genome with less recombination. Fourth, the frequency distribution of microsatellite polymorphisms is significantly different in comparisons between the X chromosome and the autosomes. We discuss each of these issues in turn.
Population Structure and the Frequency Distribution of Polymorphisms
The average microsatellite in this population is about 7% less heterozygous than expected when heterozygosity is predicted with allele-based coalescent simulations assuming the SMM. Over 25% (1,447/5,257) of the tests on individual loci show significant deficits of heterozygosity. As expected, most of these loci also show an excess of rare alleles using Ohta and Kimura's (1973) formula. It seems unlikely that most of these loci are tracking individual events of directional selection or that the excess of rare alleles indicates widespread maintenance of slightly deleterious alleles. Such a genomewide pattern is more parsimoniously interpreted as evidence of a recent population expansion in Europe. An alternative explanation is that the SMM is inappropriate for many human microsatellites and that it (systematically) overpredicts the expected heterozygosity. However, given the genetic evidence (Kimmel et al. 1998; Torroni et al. 1998) for the recent European population size increase and the support for the SMM in humans (Valdes, Slatkin, and Friemer 1993; Weber and Wong 1993) , the demographic explanation seems most reasonable.
Sliding-Window Analysis
The sliding-window analysis is predicated on the notion that the spatial distribution of markers can provide information that is useful in identifying regions of the genome under selection. There are a number of biological and statistical issues that must be confronted in interpreting the results of these analyses, including the background signature of a population expansion, the likelihood that selection will impact patterns of microsatellite variability, and the statistical problems of assuming independence among linked loci and of conducting multiple tests.
First, it is challenging to identify locus-specific skews in the frequency distribution against the background of a genome-wide skew in the same direction. Thus, it is likely to be more difficult to detect positive directional selection in an expanding population than in one of a constant size.
Second, although many models of selection deal with simple, strong effects (e.g., Maynard Smith and Haigh 1974; Simonsen, Churchill, and Aquadro 1995) , weak or fluctuating selection may be important in shaping patterns of variation at the molecular level (Gillespie 1991, p. 142; Wayne and Simonsen 1998; Przeworski, Hudson, and di Rienzo 2000) . A simple, catastrophic selective sweep in which a newly arising adaptive mutation is quickly driven to fixation is expected to leave a clear signature on the frequency spectrum of segregating polymorphisms, and this has been best studied with nucleotide polymorphisms (Braverman et al. 1995; Simonsen, Churchill, and Aquadro 1995) . In these studies, the power to detect a sweep from the frequency spectrum is high only during a fairly brief interval after the sweep. Outside of this interval, or if selection is weak, the power to detect a sweep is quite low. Although similar power analyses have not been carried out with microsatellite data, it is likely that the power to detect sweeps will be similarly low outside of a narrow time interval. An added concern is that the high mutation rate of microsatellites will quickly obscure past selective events. In a simple hitchhiking model with s ϭ 0.01 and N ϭ 10 4 , Wiehe (1998) and Schlötterer and Wiehe (1999) have shown that a reduction in microsatellite variability is expected only if microsatellites are tightly linked (Ͻ0.15 cM) and if microsatellite mutation rates are low (Ͻ0.01). Thus, we might expect, a priori, that it will be difficult to detect a skew in the frequency distribution, except in regions of low recombination where any given microsatellite will presumably be linked to more genes. For example, the recombinational distance of less than approximately 0.15 cM required to detect hitchhiking may correspond to a physical distance of less than 25 kb in high-recombination regions of the genome and a distance of 1 Mb or more in low-recombination regions. The average gene density across the human genome is approximately 10 genes per Mb (International Human Genome Sequencing Consortium 2001) . It is noteworthy that we observe windows with extreme skews in the frequency distribution mostly in regions of the genome with little recombination (table  2) . This suggests that these windows are tracking selective events. The power to detect selection may be even lower under more complex models of selection. For example, some models of selection in fluctuating environments can result in little skew in the frequency distribution of polymorphisms (Gillespie 1994) .
Statistical issues may also complicate our attempts to identify genomic regions under selection. First, the binomial test we applied assumes statistical independence among loci. Even under a neutral model, however, closely linked loci may share histories, leading to correlations among their frequency spectra. As a result, our analyses may overestimate the statistical significance of some genomic windows. However, the observation that measures of variation are not autocorrelated and that frequency spectra are only weakly autocorrelated suggests that this problem is unlikely to be severe.
Second, given the corrections for multiple tests, a sliding window will be significant only if its binomial probability is less than about 10 Ϫ5 . Because of the genome-wide skew toward a deficit of heterozygosity, this occurs only if approximately 90% of the loci within the window individually show significant skews in the frequency distribution. One way to improve the power of the test would be to increase the window size. Although this approach would be statistically defensible, it is less biologically reasonable because selection is unlikely to exert effects over long distances. Therefore, the identification of genomic regions affected by selection when large numbers of loci are analyzed remains a difficult problem.
The distribution of extreme windows is highly nonrandom, both with respect to X-autosome differences and with respect to recombination rate. As noted previously, these observations suggest that many or most of these windows are tracking selective events. Further indication that some of the windows in table 2 are tracking selection comes from studies of human nucleotide polymorphism in these same regions. For example, the two regions of low recombination near the X chromosome centromere that are identified in table 2 also contain genes showing reduced nucleotide heterozygosity and a skew in the frequency spectrum with negative values of Tajima's (1989) D statistic (Nachman 2001) . Furthermore, one of these regions contains a microsatellite (at 99.7 cM) that shows an unusually high level of divergence in allele frequencies between European Americans and African Americans (Smith et al. 2001 ). These observations are consistent with recent positive directional selection.
Recombination Rates and the Frequency Spectrum
Theory predicts that positive selection will impact linked neutral variation most severely in regions of reduced recombination (Maynard Smith and Haigh 1974) . Although we do not observe an overall correlation between recombination rate and measures of the frequency distribution, windows with extreme skews are found predominantly in low recombination regions. The mean recombination rate for windows with extreme skews is significantly below the genomic average. This effect is particularly pronounced on the X chromosome (table 4).
Comparisons Between the X Chromosome and the Autosomes
There is a greater skew in the frequency distribution for X-linked loci than for autosomal loci. The existence of this difference is not sensitive to the mechanism of mutation: a similar result is obtained when an infinite alleles model is assumed (results not shown). Assuming that the X chromosome and the autosomes experience similar average recombination rates, this result has both demographic and selective explanations. First, differences in effective population size may cause X-linked and autosomal loci to be differentially affected by demographic events. For example, Fay and Wu (1999) showed that a similar discordance in the frequency spectrum between mitochondrial and autosomal loci in humans could be caused by a population bottleneck. The effect is expected to be less severe for Xautosome comparisons because the X chromosome has three-fourths of the effective population size of autosomes, whereas the comparable value for the mitochondrial genome is one-fourth. Differences between the sexes in demographic factors, such as migration rate and age structure, may also leave different signatures on Xchromosomal and autosomal frequency spectra.
Alternatively, this discrepancy may indicate a relatively higher fixation rate or shorter transit time for beneficial mutations on the X chromosome (Avery 1984; Charlesworth, Coyne, and Barton 1987; Begun and Whitley 2000) . Weak support for the hypothesis that fixation rates are higher or transit times are lower for adaptive mutations on the X chromosome comes from the observation that the overall levels of variability are slightly lower on the X chromosome than on the autosomes. From the observed heterozygosity and the observed variance in allele size, we estimated the ratio X / A as 0.71 and 0.68, respectively, both slightly below the expected value of 0.75. Similarly, the density of single nucleotide polymorphisms is lower on the X chromosome than on the autosomes (International SNP Map Working Group 2001) . Reduced levels of variation on the X chromosome relative to the autosomes have also been noted in several other species, including mice (Hedrick and Parker 1997) and Drosophila simulans (Begun and Whitley 2000) .
At present, we cannot clearly distinguish between the competing demographic and selective explanations for the discrepancy in frequency spectra between the X chromosome and the autosomes. Additional theoretical work could help resolve which model(s) best explain(s) this pattern.
Predictions
The availability of the complete genome sequence of humans may make it possible to test some predictions from this study. For example, we might expect to find some genes in the windows in table 2 that show high ratios of nonsynonymous to synonymous substitutions in interspecific comparisons. There is an inherent difficulty, common to mapping studies, in identifying the underlying genes: it is easiest to detect a signal in regions of reduced recombination specifically because the number of genes contained in these regions is expected to be large, but the large number of genes makes it more difficult to pinpoint individual genes of interest. For this reason, it may be most promising to look first at the few windows in table 2 that show high rates of recombination. The markers in these windows may lie close to the genes under selection.
